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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
Liquid natural gas (LNG) occupies an important place in global energy market. In 2015, gas occupied 45% of global energy 
demand driven by increases demand for fuel and power generation [1]. The outlook for LNG usage is positive and continues to 
gain momentum [2].  
This paper studies the pressure drop in an Organic Rankine Cycle (ORC) system used to recover energy from an LNG engine 
aboard a ship and aims to fill in the gaps of previous research and provide more details of LNG cryogenic energy utilization.  
The ORC utilizes the temperature difference between the exhaust gas and LNG to generate power. The thermodynamic process 
is modelled using an Engineering Equation Solver (EES).  
The calculation of the pressure drop starts with the heat exchangers in the cycle which are modelled as plate heat exchangers 
for both the evaporator and condenser. The effect of the pressure drops in the heat exchangers on whole system is then studied. 
The results of the calculation are that the pressure drop decreases the system efficiency and increases with the fluids’ mass flow 
rate. The difference between the working temperature range of fluids and actual working temperature range will increase the 
negative influence of the pressure drops. 
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1. Introduction 
As a cleaner burning gas, LNG is already the fuel of choice for part of transportation area. For transportation systems, 
LNG needs to be vaporized to a gaseous state before it enters the main engine. The exhaust gas from the engine and 
the latent energy from the vaporization process have a large amount of potential energy to utilize. In previous research, 
an ORC system has been built for dual reutilization of LNG latent energy and thermal waste energy in marine 
applications [3]. However, the pressure drop which occurs in the cycle has not yet been fully investigated. Lei et al [4] 
tried to make clear which kind of pressure losses can affect the system efficiency. They classified the losses into three 
categories of pressure losses in the cycle and found that the LPL (low pressure losses) are mainly responsible for 
efficiency decrease [4].  
In this study, the model for the ORC system follows the structure of previous research and focuses on the pressure 
drop with different working fluids and the relationship of the working fluid to the performance of the cycle. To simplify 
the calculations, a few simplifications are made: 
 The isotropic efficiency of the pumps and expanders are assumed to be constant values of 0.6 and 0.7 
respectively. 
 The mechanical efficiency of pumps and expanders is assumed to be 0.9. 
 The turbines and pumps in the simulation are in 100% load conditions. 
The working fluid in the ORC will expand from the highest limited pressure to atmospheric pressure, which is 
15bar to 1bar [3]. According to the actual LNG gas storage system [5], LNG will be evaporated from 5 bar  135℃ to 
15 bar, then it will be expanded back to 5 bar. 
2. Modelling and ORC system structure 
2.1. ORC system with direct expansion of LNG 
The ORC system consists of two parts in this paper, which is shown in Fig. 1. The main cycle is a basic organic 
Rankine cycle. The pump is used to drive the working fluid and add its pressure from atmospheric pressure to 15 bar. 
A single turbine is in the cycle to use the evaporated working liquid to generate the power. The other part of the system 
is a direct expansion process of LNG, which is driven to go through the cold side of the condenser in the main cycle 
and acts as the heat sink for the main cycle and outputs PV work by another expander. 
 
 
Fig. 1. Schematic of ORC system combined direct expansion of LNG     
             
There are three phase-changing stages, which occur in the evaporating side of the evaporator and the condensing 
and cooling sides of the condenser. It is noted that two-phase flow can cause a higher pressure drop because of the 
different flow rates of gas-phase flow and liquid-phase flow. 
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Fig. 2. (a) Main ORC thermodynamic cycle with Ethylene; (b) The direct expansion process with LNG (CH4) 
 
From the Fig. 2, there are three phase-changing stage, which occur in the evaporating side of evaporator, both 
condensing side and cooling side of condenser. Because of the friction between the surface of liquid and vapor, there 
will be a higher pressure drop happened in the heat exchanger than the single phase one. 
2.2. System efficiency and design 
In the theoretical analysis, the pressure drop in cycle is always related to the thermal efficiency, according to the 
efficiency equation: 
 
𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜−𝑊𝑊𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝
𝑄𝑄𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡
                                                                         (1) 
 
which is used to calculate the system efficiency of ORCs. From the equation (2), it is obvious to see that if the 
pressure drop increases, the work done by the pump increases and the output work from the turbine decreases. This 
is because of the lower pressure ratio. This view is supported by Lei et al, who provided a detailed correlation to 
relate the thermal efficiency to the pressure [4], which is: 
 
𝑑𝑑𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 = −
𝜂𝜂𝑜𝑜
𝑞𝑞1
𝑇𝑇
1′𝑠𝑠
𝑇𝑇1′
𝑣𝑣1′𝑑𝑑Δ𝑃𝑃𝐻𝐻1 −
𝑣𝑣3
𝑞𝑞1𝜂𝜂𝑝𝑝
𝑑𝑑Δ𝑃𝑃𝐻𝐻2 −
𝜂𝜂𝑜𝑜
𝑞𝑞1
𝑣𝑣1′𝑠𝑠𝑑𝑑Δ𝑃𝑃𝐿𝐿                                        (2) 
 
where ηt and ηp are the isentropic efficiency of the expander and pump. vi is the specific volume, q1 is the heat absorbed 
by working fluids in cycle and ΔPH1, ΔPH2 and ΔPL refer to the pressure drops occurring in the two-phase stages of 
the evaporator and the preheating stages in the evaporator and in the condenser. 
In this study, the evaporator and condenser are both plate heat exchangers (PHE). The design method of the 
PHEs in this paper is the logarithmic mean temperature difference (LMTD) method. A countercurrent flow model is 
selected for the PHEs, then the logarithmic mean temperature difference can be calculated using: 
 
Δ𝑇𝑇𝐿𝐿𝐿𝐿 =
(𝑇𝑇1−𝑡𝑡2)−(𝑇𝑇2−𝑡𝑡1)
𝐼𝐼𝐼𝐼
𝑇𝑇1−𝑜𝑜2
𝑇𝑇2−𝑜𝑜1
                                                                      (3) 
 
and heat transfer coefficient can be calculated using: 
 
1
h
=
1
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+
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ℎ𝑐𝑐
+
1
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                                                            (4) 
 
The subscripts ‘h’ and ’c’ mean the single-phase stage for the hot and cold side respectively. The overall heat 
transfer area is then obtained as: 
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A =
Q
∆𝑇𝑇𝐿𝐿𝐿𝐿ℎ
                                                                             (5) 
 
To check the accuracy of the results, the calculation is checked against the number of plates (np),  
 
𝑛𝑛𝑝𝑝 = 𝑛𝑛ℎ + 𝑛𝑛𝑐𝑐 + 1                                                                    (6) 
𝑛𝑛𝑝𝑝𝐴𝐴𝑝𝑝 = 𝐴𝐴                                                                        (7) 
 
where nh and nc are the number of flow pass in the PHE. The whole design process is repeated to determine the 
number of flow passes and heat transfer under certain heat transfer load and geometric parameters. Fig. 3 shows the 
entire process and assumed parameters. 
The overall heat transfer calculation is divided into several parts, which are the single phase stage, the two phase 
stage and the heat resistance of the plates. The correlations used for the overall heat transfer calculation are listed in 
Table 1. 
 
Table 1 Correlation for the calculation of heat transfer 
Stage of heat transfer Correlation 
Single-phase convection stage 
h =
𝑁𝑁𝑁𝑁×𝑘𝑘
𝐷𝐷𝑒𝑒
=
0.205𝑃𝑃𝑃𝑃
1
3(𝑓𝑓×𝑅𝑅𝑅𝑅2𝑠𝑠𝑠𝑠𝑠𝑠2𝛽𝛽)0.374×𝑘𝑘
𝐷𝐷𝑒𝑒
 [6] 
Condensation stage 
h𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑁𝑁𝑁𝑁×𝑘𝑘
𝐷𝐷𝑒𝑒
=
0.3𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒
0.7𝑃𝑃𝑃𝑃0.33(𝜇𝜇/𝜇𝜇𝑤𝑤)×𝑘𝑘
𝐷𝐷𝑒𝑒
 [7] 
Evaporation stage h′ = 𝑅𝑅𝑅𝑅∙Pr⁡(𝑓𝑓/2)(𝑘𝑘/𝐷𝐷𝑒𝑒)
1.07+12.7(𝑃𝑃𝑃𝑃
2
3−1)(𝑓𝑓/2)0.5
  
h = (1.136𝐶𝐶𝐶𝐶−0.9 + 66702𝐵𝐵𝐶𝐶0.7 ∗ 𝐹𝐹𝑓𝑓1)ℎ
′⁡[8]⁡?
 
where Reeq is the equivalent Reynold number. Co and Bo are the convection number and nucleate number respectively. The ORC 
utilizes the temperature difference between the exhaust gas and LNG to generate power. The thermodynamic process is modelled 
using an Engineering Equation Solver (EES). Three different working fluids for the cycle are tested to ascertain their influence on 
the pressure drop. To simplify the calculations, the isotropic efficiency for the pump and expanders are assumed to be 0.6 and 0.7 
respectively and the mechanical efficiency is assumed to be 0.9 for both. The properties of the fluids are obtained from the EES 
and NIST’s database 
, the geometric and thermal parameters are used to evaluate the pressure drop in it. Generally, the categories of 
pressure drop (∆P) in the PHE can be classified into four kinds: flow pressure drop, elevation pressure drop, 
momentum pressure drop and port pressure drop. Port pressure drop can be calculated by 
 
∆𝑃𝑃𝑃𝑃 =
1.5𝐺𝐺𝑝𝑝
2𝑠𝑠𝑝𝑝
2𝜌𝜌
                                                                              (8) 
 
The most common method of calculating flow pressure drop of single phase flow in PHEs is the Darcy-Weisbach 
equation. 
 
Δ𝑃𝑃 = 4𝑓𝑓
𝐿𝐿
𝐷𝐷𝑒𝑒
𝜌𝜌𝑤𝑤2
2
                                                                            (9) 
 
However, for two-phase flow, the Darcy equation cannot be used directly and the Lockhart-Martinelli (L-M) method 
has to be used to obtain the frictional pressure loss using a correction factor found by relation equations with the 
Martinelli factor [10]. 
 
∆𝑃𝑃𝑓𝑓 = 4𝑓𝑓
𝐿𝐿
𝐷𝐷𝑒𝑒
𝐺𝐺2
2𝜌𝜌
𝜑𝜑2                                                                     (10) 
 
Here φ2 is two-phase friction multiplier which can compute the single-phase flow pressure drop both vapor and 
liquid phase: 
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In this study, the evaporator and condenser are both plate heat exchangers (PHE). The design method of the 
PHEs in this paper is the logarithmic mean temperature difference (LMTD) method. A countercurrent flow model is 
selected for the PHEs, then the logarithmic mean temperature difference can be calculated using: 
 
Δ𝑇𝑇𝐿𝐿𝐿𝐿 =
(𝑇𝑇1−𝑡𝑡2)−(𝑇𝑇2−𝑡𝑡1)
𝐼𝐼𝐼𝐼
𝑇𝑇1−𝑜𝑜2
𝑇𝑇2−𝑜𝑜1
                                                                      (3) 
 
and heat transfer coefficient can be calculated using: 
 
1
h
=
1
ℎℎ
+
1
ℎ𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐
+
𝛿𝛿
𝐾𝐾
+
1
ℎ𝑐𝑐
+
1
ℎ𝑒𝑒𝑒𝑒𝑡𝑡
                                                            (4) 
 
The subscripts ‘h’ and ’c’ mean the single-phase stage for the hot and cold side respectively. The overall heat 
transfer area is then obtained as: 
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A =
Q
∆𝑇𝑇𝐿𝐿𝐿𝐿ℎ
                                                                             (5) 
 
To check the accuracy of the results, the calculation is checked against the number of plates (np),  
 
𝑛𝑛𝑝𝑝 = 𝑛𝑛ℎ + 𝑛𝑛𝑐𝑐 + 1                                                                    (6) 
𝑛𝑛𝑝𝑝𝐴𝐴𝑝𝑝 = 𝐴𝐴                                                                        (7) 
 
where nh and nc are the number of flow pass in the PHE. The whole design process is repeated to determine the 
number of flow passes and heat transfer under certain heat transfer load and geometric parameters. Fig. 3 shows the 
entire process and assumed parameters. 
The overall heat transfer calculation is divided into several parts, which are the single phase stage, the two phase 
stage and the heat resistance of the plates. The correlations used for the overall heat transfer calculation are listed in 
Table 1. 
 
Table 1 Correlation for the calculation of heat transfer 
Stage of heat transfer Correlation 
Single-phase convection stage 
h =
𝑁𝑁𝑁𝑁×𝑘𝑘
𝐷𝐷𝑒𝑒
=
0.205𝑃𝑃𝑃𝑃
1
3(𝑓𝑓×𝑅𝑅𝑅𝑅2𝑠𝑠𝑠𝑠𝑠𝑠2𝛽𝛽)0.374×𝑘𝑘
𝐷𝐷𝑒𝑒
 [6] 
Condensation stage 
h𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑁𝑁𝑁𝑁×𝑘𝑘
𝐷𝐷𝑒𝑒
=
0.3𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒
0.7𝑃𝑃𝑃𝑃0.33(𝜇𝜇/𝜇𝜇𝑤𝑤)×𝑘𝑘
𝐷𝐷𝑒𝑒
 [7] 
Evaporation stage h′ = 𝑅𝑅𝑅𝑅∙Pr⁡(𝑓𝑓/2)(𝑘𝑘/𝐷𝐷𝑒𝑒)
1.07+12.7(𝑃𝑃𝑃𝑃
2
3−1)(𝑓𝑓/2)0.5
  
h = (1.136𝐶𝐶𝐶𝐶−0.9 + 66702𝐵𝐵𝐶𝐶0.7 ∗ 𝐹𝐹𝑓𝑓1)ℎ
′⁡[8]⁡?
 
where Reeq is the equivalent Reynold number. Co and Bo are the convection number and nucleate number respectively. The ORC 
utilizes the temperature difference between the exhaust gas and LNG to generate power. The thermodynamic process is modelled 
using an Engineering Equation Solver (EES). Three different working fluids for the cycle are tested to ascertain their influence on 
the pressure drop. To simplify the calculations, the isotropic efficiency for the pump and expanders are assumed to be 0.6 and 0.7 
respectively and the mechanical efficiency is assumed to be 0.9 for both. The properties of the fluids are obtained from the EES 
and NIST’s database 
, the geometric and thermal parameters are used to evaluate the pressure drop in it. Generally, the categories of 
pressure drop (∆P) in the PHE can be classified into four kinds: flow pressure drop, elevation pressure drop, 
momentum pressure drop and port pressure drop. Port pressure drop can be calculated by 
 
∆𝑃𝑃𝑃𝑃 =
1.5𝐺𝐺𝑝𝑝
2𝑠𝑠𝑝𝑝
2𝜌𝜌
                                                                              (8) 
 
The most common method of calculating flow pressure drop of single phase flow in PHEs is the Darcy-Weisbach 
equation. 
 
Δ𝑃𝑃 = 4𝑓𝑓
𝐿𝐿
𝐷𝐷𝑒𝑒
𝜌𝜌𝑤𝑤2
2
                                                                            (9) 
 
However, for two-phase flow, the Darcy equation cannot be used directly and the Lockhart-Martinelli (L-M) method 
has to be used to obtain the frictional pressure loss using a correction factor found by relation equations with the 
Martinelli factor [10]. 
 
∆𝑃𝑃𝑓𝑓 = 4𝑓𝑓
𝐿𝐿
𝐷𝐷𝑒𝑒
𝐺𝐺2
2𝜌𝜌
𝜑𝜑2                                                                     (10) 
 
Here φ2 is two-phase friction multiplier which can compute the single-phase flow pressure drop both vapor and 
liquid phase: 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
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2                                                           (11) 
 
and is a function of X, the Martinelli parameter. X is defined as follows: 
 
𝑋𝑋2 =
(
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
)
𝑓𝑓𝑓𝑓
(
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
)
𝑓𝑓𝑓𝑓
                                                                               (12) 
 
The relations between φ2 and X are: 
 
𝜑𝜑𝑔𝑔
2 = 1 + 𝑐𝑐𝑋𝑋 + 𝑋𝑋2                                                                     (13) 
φ𝑙𝑙
2 = 1 +
𝑐𝑐
𝑋𝑋
+
1
𝑋𝑋2
                                                                      (14) 
 
where the constant c is determined by the flow conditions [9], as shown in Table 2. 
 
Table 2. Comparison table for constant c and flow conditions 
Constant c Flow condition 
c=20 For liquid and vapor both turbulent 
c=12 For liquid-laminar, vapor-turbulent 
c=10 For liquid-laminar, vapor-laminar 
c=5 For liquid and vapor both laminar 
 
Zhong-zheng Wang and Zhen-Nan Zhao [10] showed the correlations for calculating the momentum and 
elevation pressure drops are 
∆𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚 = 𝐺𝐺
2{[
(1−𝑥𝑥2)
2
𝜌𝜌𝑓𝑓(1−𝜑𝜑2)
−
𝑥𝑥2
2
𝜌𝜌𝑣𝑣𝜑𝜑2
] − [
(1−𝑥𝑥1
2)
𝜌𝜌𝑓𝑓(1−𝜑𝜑2)
−
𝑥𝑥1
2
𝜌𝜌𝑣𝑣𝜑𝜑2
]}                                         (15) 
∆𝑃𝑃𝑚𝑚𝑙𝑙𝑚𝑚𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑔𝑔[𝜌𝜌𝑒𝑒𝜑𝜑 + 𝜌𝜌𝑙𝑙(1 − 𝜑𝜑)]                                                           (16) 
The total pressure drop is obtained by summing Equation (8), (9), (15) and (16). 
2.3. Selection of working fluids 
Along with the geometric parameters of the PHE, the kind of working fluid also can affect the pressure drop in the 
PHE. Working fluids are operated from about their boiling point under atmospheric pressure to 200oC. To take full 
advantage of the cryogenic energy of LNG, the fluids’ freezing point and boiling point are the key factors in selecting 
the working fluid. 
As in the previous research [3], the fluids are selected. These fluids and their properties are listed in Table 3 
 
Table 3. Working fluids properties 
 Freezing 
Point (oC) 
Boiling 
point (oC) 
Critical 
Temperature 
(˚C) 
Critical 
Pressure 
(bar) 
Molar 
mass 
(g/mol) 
Ethylene C2H4 -169 -103.9 9.2 50.42 28.05 
Propylene -185 -47.78 91.7 46.65 42.08 
Isobutane R600a -160 -11.78 134.7 36.4 58.12 
 
3. Result and discussion 
Now that a simulation model has been established, the pressure drop in PHE can be evaluated. The three working 
fluids shown in Table 3 were tested in the condenser and the evaporator model described above. The mass flow rate 
increases from 0.004kg/s to 0.04kg/s.  
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Fig. 3(a) (b) shows the working fluid’s and methane’s pressure drop in the model against the mass flow rate of 
working fluids. 
From the figure, it is clear that pressure drop is related to the mass flow rate with Propylene showing the highest 
pressure drop in both sides of the condenser and in the evaporator. 
To validate the prediction, Other researchers' predictions in plate heat exchangers will be cited here to compare the 
predicted value. The similar magnitude of the values shows that the prediction in this paper is persuasive. The cited 
researches are listed in Table 4 
 
Table 4. Recent researches in PHE of two-phase flow’s pressure drop 
Author Working Fluid Pressure Drop (kPa) 
DongChan et al (2018)[11] R-1233zd(E) 2~28 
Amalfi et al (2016)[12] R245fa 4~25 
Vakili-Farahani et al (2014)[12] R245fa 6~23 
Kitti and Somchai (2010)[13] Air-water 8~70 
 
Fig. 4(a) (b) show the influence of pressure drops caused by different mass flow rate with different working fluids 
on systems’ efficiency. 
 
(a)  
(b)  
 
Fig. 3. (a) Pressure drop of working fluids in model (b) Pressure drop of methane in simulation 
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Along with the geometric parameters of the PHE, the kind of working fluid also can affect the pressure drop in the 
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Ethylene C2H4 -169 -103.9 9.2 50.42 28.05 
Propylene -185 -47.78 91.7 46.65 42.08 
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3. Result and discussion 
Now that a simulation model has been established, the pressure drop in PHE can be evaluated. The three working 
fluids shown in Table 3 were tested in the condenser and the evaporator model described above. The mass flow rate 
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Fig. 3(a) (b) shows the working fluid’s and methane’s pressure drop in the model against the mass flow rate of 
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Fig.4. (a) ORC’s efficiency (b) Expansion efficiency of LNG 
 
 
As shown in Fig 4, the maximum simulation efficiency is 15.57% in the ORC system and 25.4% in LNG’s 
expansion. The efficiency for both the ORC and direct expansion decrease as pressure drop increases. Ethylene, is 
shown to be the most suitable working fluid as it achieves the highest efficiency over the range of mass flow rates 
(from 15.53% to 14.46%). The Propylene achieves efficiencies ranging from 12.33% to 10.23%. R600a has the 
lowest system efficiencies ranging from 10.1% to 8.4%. It is noted that the pressure drops caused by Ethylene and 
R600a are similar. However, Ethylene has a better working temperature range. The decrease in efficiency over the 
full range of mass flow rates for LNG expansion is similar for each working fluid, around 0.1%. The lowest value is 
obtained by Propylene, which is 25.33%  
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4. Conclusions 
According Equations (1) & (2), pressure drops have a negative impact on the performance of ORC systems. This 
paper introduces a way to evaluate pressure drop inside a PHE and analyze its influence on system efficiency. The 
conclusions of the study are: 
 Pressure drop increases with mass flow rate. 
 Propylene shows the greatest drop in efficiency over the total range of mass flow rates. 
 The efficiency of direct expansion decreases as the pressure drop increases. 
 Ethylene and R600a show similar pressure drops but R600a shows the greatest drop in efficiency over the range 
of mass flow rates. This is due to the temperature range of the fluids. 
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